ABSTRACT The mechanism of generating immunoglobulin light chain genes by rearrangement ofvariable (V), joining (J), and constant (C) gene segments is still unknown. It has been discussed mostly in terms of excision and deletion of the DNA between the recombined V and J gene segments. However, the finding in DNA digests from the mouse myeloma T of a fragment (called f-T) that contains the 3' flank of a VK and the 5' flank of a JI gene segment argued against a simple deletion mechanism ) Nucleic Acids Res. 8, 1709-1720. The origin of fragment f-T has now been investigated by cloning and determining the sequence of the germ-line V gene segment that apparently participated in its formation. Moreover, analogous fragments containing flanking sequences were isolated from the myelomas MOPC 173 and 41 (f-173 and f-41) and studied by sequence analysis. The ffragments appear to be recombination products ofV-J rearrangements reciprocal to rearranged X genes but, at least in the cases of f-T and f-173, not of the rearranged V genes present in the same tumor cell. This fact is best explained by a sister chromatid exchange mechanism of V-J recombination because, by this model, the rearranged V genes and the reciprocal flank recombination products would segregate into different cells during the following mitosis. The possibility is suggested that there exists in lymphocyte differentiation more than one mechanism of V-J recombination. The genes for the immunoglobulin light chains are generated by recombination of a variable (V) with a joining (J) gene segment that is located near the constant (C) gene region (1-3). In the K light chain system of the mouse, one of many V gene segments is joined to one offour functional J gene segments (2-4). In addition to functional V-J rearrangements, nonfunctional ones have been observed (5-8) that, at least in some cases, result from aberrations at the V-J junction (5-7). The functional and nonfunctional genes have been termed K+ and K-, respectively (4).
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One of the unsolved problems in the generation of immunoglobulin genes is the mechanism of V-J joining. Hybridization experiments with DNA from a A (1, 3) and a K chain producing tumor (2, 9) indicated that the sequences 3' adjacent to the rearranging germ-line V gene segment and 5' adjacent to the respective J gene segment (3' V and 5' J flanks) are deleted in the V-J recombination process. These results and the identification of complementary hepta-and nonanucleotide boxes in the 3' flanks of V gene segments and the 5' flanks of J gene segments led to the proposal of hybrid stem structures that are excised and deleted (2, 3) . Schemes have also been formulated that do not involve pairing of DNA single strands but rather recognition of the original double-stranded regions by a recombining enzyme and subsequent deletion of the DNA between the V and J gene segments (10, 11) .
One argument against a simple excision-deletion model was the finding, in myeloma T (5, 12) DNA digests, of a fragment in which the 3' flank of a V gene was linked directly in a headto-tail fashion to the 5' flank ofJ1 (13) . The fragment was called T3 and will now be designated f-T (f for flank). Apparently, in a V-J joining, at least part of the sequence between a V and a J gene segment was not deleted but joined in a reciprocal fashion. It was recognized, however, that fragment f-T contains a V gene flank that is different from the germ-line flanks of the two V genes that are rearranged in myeloma T (13) (14) (15) . Also with respect to J, the recombination products are not complementary, a J1 flank being contained in f-T while J2 and J5 are involved in the formation of the rearranged V genes of myeloma T (5, 13) . Fragments that have the hybridization properties of f-T were also detected in digests ofthe DNA oftwo other K chain (MOPC 41 and MOPC 21a) and one A chain producing myelomas (RPC 20) but not, for instance, in the DNA of MOPC 321 (13) .
To obtain further information on additional recombination products and, with that, contribute to the understanding of the mechanism of V-J recombination, we studied the f fragments of two other myelomas and the germ-line V gene segment that apparently led to the formation offragment f-T. The results are discussed also in relation to those of van Ness et al. (16) .
MATERIALS AND METHODS
Bacterial and phage strains, plasmids, myeloma T, and MOPC 41 were as described (12, 13) . MOPC 173 was obtained from -Litton Bionetics (Kensington, MD). Cloning and analysis of DNA fragments, DNA isolation, gel electrophoresis of DNA fragments, cloning after RPC-5 chromatography, subeloning in pBR322, restriction mapping, blot hybridization (17) , and DNA sequence analysis (18) were as described (12, 13) with slight variations. In subcloning, the vector preparations were treated with alkaline phosphatase and screening was according to ref. 19 .
RESULTS

Recombination
Products with Linked V and J Gene Flanks. EcoRI digests ofMOPC 41 and MOPC 173 DNA were screened for fragments hybridizing with a J but not with a CK region probe. The J region probes ( The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (Fig. lb) , and from the germ-line J gene cluster. For further characterization, subclones were prepared and their sequences were determined (Fig. 2) .
In both f-41 and f-173, the heptanucleotide box C-A-C-T-G-T-G of the 5' flank of J1 and the corresponding box of the 3' flank of a V gene segment are linked directly in a tandem arrangement. In f-173, the heptanucleotide box of the V gene flank differs by one nucleotide from the consensus sequence. The sequence of 84-base pairs (bp) of the J1 gene flanks was determined (up to the HindIII site) and was found to be identical to the germ-line sequence. At a distance of 12 bp from the heptanucleotide box, the V gene flank of f-173 contains a nonanucleotide box that is identical to the boxes in other V gene flanks (Fig. 2) ; moreover, the first 66 bp of this flank are highly homologous to the flanks of V-L6 (15) , V-41 (20) , and V-173B (6) , supporting the idea that it is the 3' flank of a V gene segment that has recombined with the 5' flank of J1. The V gene flank of f-41 does not contain a typical nonanucleotide box but does have a 14-bp stretch (positions 93-106) that is nearly complementary to a sequence in the J1 gene flank (positions 37-50).
The absence of the nonanucleotide box may be due to deletion after the recombination step, leaving only part of the box (positions 93-97, A-A-A-C-C). However, the possibility that the nonanucleotide box is not required for the rearrangement that gave rise to fragment f-41 should also be considered. Characterization of the germ-line sequences involved should clarify this point.
A Germ-Line V Gene Related to Fragment f-T. The V gene flanks in fragments f-T, f-41, and f-173 were identified on the basis of sequence homology to flanks ofknown germ-line V gene segments. To establish fully, at least in one case, the identity of the region as a V gene flank, we searched for a germ-line V gene having a 3' flank identical to the one in fragment f-T. An EcoRI fragment from liver DNA that hybridized strongly with the f-T subclone (Fig.'1b) was cloned in A phage Charon 4A and characterized by restriction mapping (Fig. 3) ; other hybridizing fragments were excluded. The cloned fragment was called L8 following the designation ofliver DNA fragments as Ll-L6 (14) and L7 (15) . A subclone was prepared and part of its sequence was determined (Fig. 4) . The 3' flank of the V gene segment was found to be identical in sequence to the corresponding region of f-T (Fig. 4 (Fig. 1) , and the L8 subelones (Fig. 3) . The three structures, f-T, f-173, and f-41, are similar. Because they contain sequences characteristic of V and J gene flanks linked in a head-to-tail fashion-, it seems reasonable to assume that they are products of V-J rearrangements. However, in the flank structures, the heptanucleotide boxes are contiguous whereas, in all known V and J gene segments, there is a distance of one or two nucleotides to the heptanucleotide boxes (e.g., 3, 6, 15, 20, 24) . Similarly, in V-L8 (Fig. 4) , which is involved in the generation of f-T, there is a one (or four, see above) nucleotide distance. This difference between the V-J and the flank junctions may mean that a small deletion accompanies the recombination process. However, because no pair of fully reciprocal products (e.g., no V-L8-J1 recombination product reciprocal to f-T) has yet been found, this point remains uncertain. In the three-known structures, f-T (13), f-173, and f41, the flank of J1 was found. It should also be mentioned that, in blot hybridizations with DNA digests from a number of tumors, no recombination products involving J4 or J5 flanks were detected (9) . It The frequent occurrence of flank recombination products and the fact that, in myelomas T, MOPC 173, and possibly also MOPC 41, the ffragments are not reciprocal to one ofthe rearranged V genes are best explained by a sister chromatid exchange model (see ref. 16 ): a V and a J gene segment located on different chromatids are joined and the products segregate into different cells duringthe subsequent mitosis. For myeloma T, this would mean that three V-J rearrangements had occurred during lymphocyte differentiation (Fig. 5) ; in two of them, the rearranged V genes and, in one of them, the flank recombination product f-T remained in the cell from which the tumor evolved. The formation of f-173, f-41, and probably other flank recombination products can be explained similarly.
It seems impossible at present to exclude intrachromatid recombination as away offormingnonreciprocal fproducts. Some possibilities have been discussed by Steinmetz et al (13) . Recombination ofa J gene flank with a V gene flank-like structure located downstream of CK (which has not been found yet) could also lead to the formation ofan fproduct. This could explain for instance the occurrence of f-like products in A chain-producing cells (13, 16) in which both C. genes are deleted (8, 13) . Also, -inversion or excision and subsequent reinsertion of the excised segment could generate, in a multistep process, nonreciprocal fproducts. In tumors T and MOPC 173, the rearranged K genes use J gene segments other than J1 while the f products contain J1 flanks. This situation does not allow rigorous discrimination between inter-and intrachromatid mechanisms. Intrachromatid recombination could be ruled out as a way to form f41 if J1 is used in both the K+ and K-genes of MOPC 41 and their gene flanks differed from that of f-41. It also would be interesting to search for fproducts containing flanks ofJA and ofgene segments of the heavy chain system. In this context, it should be noted that sister chromatid exchange has also been discussed as a Proc. Nad Acad. Sci. USA 79- (1982) mechanism of CH class switch (27) . It may well be that both inter-and intrachromatid mechanisms for V-J recombination and the formation off products exist in differentiating lymphocytes.
